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ABSTRACT

An experimental program to test the feasibility of

using face gears in a high-speed and high-power environ-

ment was conducted. Four face gear sets were tested,

two sets at a time, in a closed-loop test stand at pinion

rotational speeds to 19,100 rpm and to 271 kW

(364 hp). The test gear sets were one-half scale of the

helicopter design gear set. Testing the gears at one-

eighth power, the test gear set had slightly increased

bending and compressive stresses when compared to the

full scale design. The tests were performed in the NASA

Lewis spiral bevel gear test facility. All four sets of

gears successfully ran at 100 percent of design torque

and speed for 30 million pinion cycles, and two sets

successfully ran at 200 percent of torque for an addi-

tional 30 million pinion cycles. The results, although

limited, demonstrated the feasibility of using face gem, s

for high-speed, high-load applications.

INTRODUCTION

Current helicopterdrivesystem designsarestriving

to furtherreduce weight to improve helicopterperfor-

mance and capabilities.In the recentstudiesthat have

recently been conducted (ref.I) and those currently

ongoing (refs.2 to 4),improved designshave shown that

torque splittingcan have a dramatic weight savings. A

currentcandidate to achievetorque splittinghas been

through use of face gears. In thisdesign,a singlespur

gear pinionsplitsthe load to two output facegears.

The face gear design has been discussed by several

investigators (refs. 5 to 7); however, their use has typi-

cally been for low power applications. Only recently has

this gear design been considered for possible high-speed

and high-power applications. One problem with using

this design is that design data or accepted design

practice is nonexistent. Since their application in the

past has been limited to low power and speed, only
dimensional information is available from handbooks
such as reference 8. Recent work has centered on the

design (ref. 3) and on describing the surface geometry

(ref. 9). The surface geometry, based on the manufac-

turing process, is necessary to predict the tooth contact

of the face gears. From the tooth contact analysis made

via reference 9, adjustments to the machine tool settings
axe made until the desired contact locations are deter-

mined. This procedure was used to design the face gears

used in this experimental program.

The objectivesof this work are to describe the

preliminaryexperimentalresultsofa facegear designin

a high-speed,high-load environment. This work was

conducted as part of a joint effortbetween the U.S.

Army Propulsion Directorate,NASA Lewis Research

Center, McDonnell Douglas Helicopter Co., Lucas

Western, Inc.,and the UniversityofIllinoisat Chicago

in support of the U.S. Army's Advanced Rotorcraft

Transmission Program (ART). Face gears were tested

in the NASA Lewis spiral bevel gear rig. Basic face

gear design, testing procedures, test facility_ and results

of test are presented. Recommendations for face gear

improvements are made.

APPARATUS

Test Hardware

Face gears can be utilizedwhen a drive system

must transmit power between intersectingshafts. The

pinionmember isa simple spur gear. The gear member

can be thought of as a rack gear with connecting ends

(fig.1). Across the gear member tooth profilefrom the

inner to outer radius,the pressure angle and tooth

normal sectionvary continuously.Ifthe outsidediame-

ter is to the maximum al]owabie during manufacture,

the teeth will be pointed.

The facegear designparameters used inthisstudy

are shown in table I. The testhardware isshown in

figure 2. The gears were basicallya one-half scale

versionof the face gear stage in the ART split-torque

transmissionproposed by the McDonnell Douglas and



Lucas Western team (ref. 3). The reduction ratio of the

face gear design was 3.82:1. Since the gears were de-

signed to approximately the same pinion bending stress

levels as the full-scale version, the maximum design
power of the test set was about one-eighth that of the

full-scale design. A 90 ° shaft angle was used to facili-

tate installation and operation in the existing Lewis

spiral bevel test rig (described later). Maraging
30{) steel was chosen because of its low heat treat

to spiralbevelgears.The ART designuses 1.25in.face

width at 8 pitch and a reduction ratioof 3.82:1,thus

meeting both criteria.The facegeartestreportedherein

preserved this geometry, using a face gear width of

0.62 in.,diametrialpitchof 16,and a reductionratioof

3.82:1.The facegear teethwere slightlycrowned using

a conventional face gem" manufacturing technique.

While the input spur pinion has 28 teeth,the shaper

cutter had 29 teeth. When a 29 tooth shaper cutter

distortioncharacteristics.The pinionwas made Using _ generatedthe facegearteeth,a slightcrowning resulted.

standard aerospace practiceswhere the surfaceswere " The crowning was intended to keep the contactpattern

nitrided and ground. The measured surface hardness of

the pinion was R c 58. The gear member was cut via a
shaper and hardened. No final grinding of the gear

profile was clone since current manufacturing methods

do not exist to grind face gears. The measured surface

hardness for the gear was R c 52.

Design Considerations

in the middle of the teeth. Misalignment of the gear

axes in the absence ofcrowning could cause the contact

patternto concentrateat the edges ofthe teeth,result-

ing in early failure. The crowning does resultin an

increased contact stressbecause the contact area is

reduced compared to a properly aligned uncrowned

tooth. Nevertheless,crowning was selectedto avoid the

hazard of misaligmnent.

The selectionof a design using face gears was

driven by the advantages which would accrue ifthe

concept proved successful. The concept selectedhas

split-torqueload paths,which providesignificantweight

savings. In the ART concept (ref.3), the input spur

pinion isfreeto floatradially.Itislocatedradiallyby

balancing the opposing mesh forcesof two face gears

simultaneouslyengaged, which providesthesplit-torque

load paths. The input spur pinionisalsofreeto float

axially,which isa characteristicoffacegears.Thus, the

input spur pinion mad itsshaft are lightand simple.

Face gearshave true conjugateaction.The ART design

chosen has a high contact ratio analogous to helical

gearing. Thus, low vibration and noise are expected.

However, severalareasrequiredinvestigation.As noted,

the analyticalbasis for design was not sufficientfor

aerospacegearing.The torquecapacityofthe ART face

gear design requiredtestsubstantiation.The mode of
failurewas unknown.

Analyticalsupport was provided by Litvin,et al.

(ref.9). The analyticalwork includeddeterminingouter

and innerradiioffacegear teeth,toothcontactanalysis,

contact ratio,and the effectsof misalignment and

eccentricity,and evolving a processfor grinding face

gear teeth.

The design investigations indicated that face gears

had an improved weight advantage compared to spiral

bevel gears at ratios higher than approximately 3.5:1.

A simplified rule-of-thumb was developed that allowable

face width multiplied by the diametrial pitch should be
greater than seven, with 10 indicating clear superiority

The testtorque was selectedto exceed the ART

design stresses(108 percent of bending stress,103 per-

cent ofcontactstress).The anticipatedmode offailure

was bending failureofthe pinionteeth,clearlygeometri-

callyweaker than the facegear teeth. To thisend the

test torques and durations were selected to test for

infinitebending fatiguelive(30:<106cycles)at design

bending stress,followed by doubling test torque and

running to 30×106 cyclesor failure.

Test Facility

The testfacilityused forthisface gearstudy isthe

NASA Lewis spiralbevel gear test rig. An overall

sketch ofthe rigisshown infigure3(a). In thisfacility

two gear meshes, in this case face gears, are tested

simultaneously.One sideoperatesinthe typicalfashion

of the pinion drivingthe gear Itestsection),and on the

other side (slaveside)the gear drivesthe pinion. The

rig operatesin a closedloop fashionwhereby the drive

motor suppliesthe desiredshaftspeed and the facility

power losses. Loop power is controlledby a thrust

pistonthat moves a helicalgear axially.The loop load

isread out directlyvia a torque meter that ispart ofthe

loop shafting.The facilityisalsoequipped with a speed

sensor,therm0couples, flow meters, pressure transducers,

and accelerometers (fig. 4}.

Facility operationalparameters during the face

gear testsaxe shown in tableH. Lubricant type used

during the testwas DOD-L-85734. Four jets,0.762 mm

(0.03 in.)diameter, lubricatedthe pinion and gear at

into-and out-of-mesh locations.



Face Gear Setup and Contact Pattern

The face gearswere set up inthe testfacilityjust

as spiralbevel gears. The only differenceisthat axial

positioningofthe spur piniononly would effectwhere on

the pinion,the contact would take place. Moving the

gear member axiallywas the only adjustment mecha-

nism. This was used to set the backlash to 0.051 to

0.102 mm (0.002 to 0.004 in.). A red lead compound

also was used to evaluate the composite of the tooth

surfacecontacts.A no-loadcontactpatternattainedfor

build 1 slavegear side isshown in figure5. All other

contactpatternswere similarto the one shown.

Test Procedure

Due to the uncertain capabilitiesof the face gear

system at high speed and load, a gradual breakin

procedure was adopted on the firstbuild ofthe facility

and the procedure was as follows:The gearswere run at

a low speed and torque conditionforabout 10 rain.The

facilitywas then shut down, and the gearswere visually

inspected.The speed and/or torquewas then increased,

and the procedure was repeated for allbreak-incondi-

tionsin tableIll.Afterthe breakinprocedure,the tests

were conducted on the two buildsasshown in tablesHI

and IV. Load and speed conditionswere maintained

within -I-3percentofthe nominal settingsduring allthe

testsconducted.

The anticipatedfailuremode of the face gear set

was tooth breakage of the pinionmember. The gener-

ally accepted knee of'the S-N endurance curve is

30 million cycles. Tests were conducted at 100 and

200 percentload in an attempt to meet thisendurance

requirement.

RESULTS

100 Percent Torque Performance Tests

Afteraccumulation of30 millionpinioncycles,the

test hardware was removed and photographed. Both

buildswith the testhardware successfullycompleted this

phase of the testing. The testand slavesectionhard-

ware ofthe second facilitybuild axe shown in figures6

and 7 and figures8 and 9,respectively.After30 million

pinioncycles,both testand slavesidepinionsfor both

buildsshowed only minimal surfacechange from their

as-manufactured condition.The facegearconditionwas
differentfrom test to slave section side. For both

builds,the testside was generallyin good condition,

with small areasofmicropittingrandomly scatteredover

the activeprofile.The slavesidehad significantlymore

surfacedistress.On the slaveside,forthe irtrstbuild,a

couple ofteethhad pitlinesacrossthe facewidth ofthe

teethcentered between the root and tooth tips. Most

teethhad micropittingnear the root area of the active

profile.For the second build,the slavesidehad pitlines
acrossthe facewidth on most of the teeth.The cause of

the differencein appearance between the testand slave

sideface gears are not known at thistime.

200 Percent Torque Performance Tests

After successfulcompletion of the firstseriesof

testsat 100 percent torque,the torquewas increasedin

20-percentincrements untilthe 200-percenttorquelevel

was reached. The gears were visuallyinspected after

1 hr ofoperationateach increasedleveloftorqueforthe

firstbuild (tableIII}.The torque was increasedfrom

100 to 200 percentload inone stepforthe second build

(tableIV). The testhardware from the firstbuild is

shown after 30 million pinion cycles at 200 percent

torque in figures10 to 13.

In thefirstbuildallhardware survivedthe 200 per-

cent torque test. Slightlymore wear on allmembers

was apparent from that of the tests conducted at

100 percenttorque. The pinionsand the testsideface

gearhad moderate wear and some random micropitting,

but generally were in good shape for a 200-percent

torque test.The slavesidefacegear surfacedistress,as

previouslymentioned (pitlinesand micropitting),be-

came more pronounced. However, therewas no damage

that would preclude furthertesting.

Since the firstbuild testsshowed that the design

could tolerate operation at 200 percent torque, the

second buildhardware torquewas increasedfrom 100 to

200 percenttorque in one step. Afteroperation at this

load,the facilitywas stopped at approximately 12 mil-

lionpinion cycles,and a tooth failureof the slavegear

was found. This isshown in figure14. The failure

appeared to startat the pittinglinenear the tooth top

and propagated through the tooth. Only a slight

vibrationincreasewas noted during thistestingperiod.

The failurewas found by a visual inspectionaftera

normal shut down. The othercomponents of the second

build looked basicallythe same as afterthe 100 percent

torque tests.

Vibration Results

Two piezoelectricaccelerometerswere mounted on

the rig. One at each locationnear the testand slave

sidepinionsupportbearings (fig.4). The accelerometers
measured vibrationin the verticaldirectionand had a

resonant frequency of 27 kHz. The accelerometer



outputs were fed to charge amplifiers which had band-

pass filters (from _100 to 5000 Hz). Typical vibration
spectra are shown in figure 15. The data shown were

taken during the first build of the facility. Even with

the bandpass filtering, the signals had much activity

outside the 100- to 5000-Hz range. The vibration levels

at the face gear meshing frequency (8917 Hz) and first

harmonic (17 833 Hz) were rather low. This was consis-

tent with the testing as the rig ran rather quiet and

smooth. The major component of the measured spectra

is believed to be from the pinion ball bearing outer-race

frequency (1622 Hz) and harmonics.

Noise Results

During facility operation at various levels of speed

and load, a sound power level (SPL) measurement was

made with a hand-held instrument. The peak sound

pressure level measurements are shown in table V.

These measurements were taken during the in'st build of

the facility as shown in table III. The measurement was

taken with the instrument approximately 15 cm (6 in.)

from the rig front face Lexan cover in alignment with

the gear axis of rotation (see fig. 4). The results shown
in table V indicate that the peak SPL was insensitive to

load once the I00 percenttorque levelwas reached.

A comparison ofthe facegear resultsto previously

taken data on thisfacilitywith spiralbevel gearswould

not be appropriate.Since the designsdifferso much, it

would be betterto run a testthat would providea fair

comparison where the designapplicationwas f'Lxedand

a bestdesignfor both gear types then could be made.

CONCLUSIONS

Overall, the face gears operated smoothly and

quietly. Therefore,face gears have demonstrated the

abilityto operate at high speed and high torque. The

pinions and the testsideface gears showed some wear

and micropittingafterthe 200-percenttorquetests,but

were generallyin good shape. However, the slaveside

facegearsshowed considerablesurfacedistress.Itisnot

known why the slavesidefacegearsexhibitedmore sur-

facedistressthan the testsideface gears. In operation

in the NASA testrigthe testsideoperateswith the spur

gear pinion drivingthe face gear,and on the slaveside

the facegear drivesthe spur pinion.In the facilityboth

sideshave the tooth contactoccurringon the same sides

of the teeth;however, the operation isreversed. This

might be one cause for the discrepanciesbetween the

two sides. Another possibilitymight be the rigitself,

with one side being more susceptible to wear than the

other. There was, however, no indication of this from

previous test performed on spiral bevel gears in the same

rig. A third cause of discrepancies might just be the

randomness of endurance testing.

As previously mentioned, the face gears were not

ground since the manufacturing capability does not exist

to grind face gears. If such a technique did exist, the
face gears could be hardened and ground to produce an

extremely hard and smooth gear, comparable to conven-

tional aerospace quality gearing. This would signifi-

cantly improve the surface durability limit and possibly

eliminate the surface relate distress found in the present
tests.

SUMMARY OF RESULTS

Experimental testswere performed on facegears to

demonstrate operation in a high-speed, high-load

application.The gearswere a one-halfscaleversionof

those designed fora helicoptermain rotortransmission.

The gearswere testedin the Lewis spiralbevelgear rig.

Endurance test were performed on four sets of gears.

The followingresultswere obtained:

I. Feasibilityof face gears for high-speed,high-

load applicationssuch as helicoptertransmissionswas

demonstrated. All four setsof gears were successfully

run at 100 percent designtorque for 30 millionpinion

cycles. Two of the four setswere successfullyrun at

200-percent torque for 30 millionpinion cycles. One

face gear had a broken tooth afterabout 12 million

pinioncyclesat 200-percenttorque.

2. The failuremechanism ofthe facegearsin these

testswas tooth surfacefatigue. The no-load contact

pattern on the teethwas centered on the tooth surface,
and contact occurred under load over the fullactive

profileofthe facegear. The pinionteethshowed normal

wear. The face gear teeth,however, had some surface

distress.The teethfrom the testsidepiniondrivingthe

the face gear, had moderate wear and were in good

condition. The teeth from the slave side face gear

drivingthe pinion,had small pitlinesinsome instances

in the middle regionof the teeth. In one testthe slave

sidegear pittinglead to tooth failure.

3. The face gears ran relativelyquietly and

smoothly. The vibrationat the face gear fundamental

and harmonic frequencieswere low compared to the

overalltestrigvibration.
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TABLE I.--FACE GEAR DESIGN DATA

AGMA quality

Number of teeth pinion, gear

Diametral pitch

Pressure angle, deg.

Shaft angle, deg.

Face width, mm (in.), of --
Pinion

Gear

Hardness of pinion gear, R c

RMS surface finish, pm {p-in.)

AGMA pinion bending stress index, MPa (ksi)

AGMA pinion contact stress index, MPa (ksi)

Gear material

*Per AMS 6514.

12

28,107

16

25.0

90.0

37.6 (1.285}

15.5 (0.62)

58, 52

0.51 (20)

248 (36)

lo34 (15o)
Maraging 300 steel

TABLE II.--TEST FACILITY

OPERATIONAL PARAMETERS

Pinon shaft speed (100_) rpm

Pinion torque (100_}, N.m (in..lb)

Nominal lubricant flow rate cm/s (gpm)/mesh

Lubricant oil inlet temperatures, *C (OF)

Lubricant jet pressure, MPa {psi)

19,110

67.8 (6o0)
51{o.8)

74 (165)

0.552(8o)

TABLE III.--TEST OPERATING CONDITIONS BUILD 1

Run

1

(break-in}

.3

.2

2 3O

3 1.2

(overload)

_r

30

Time

Million hr

pinion cycles

0.3

.2

I
!
i

0.28

.17

.17

.17

.18

.20

.17

.23

.17

26.2

1.05

1.03

1.00

1.03

26.2

Face gear speed

rpm Percent of

maximum

I000 20

1000 20

1740 35

1740 35

2480 50

2480 50

2480 50

3730 75

5000 100

5000 I00

5000 100

N.m

65.5

129.9

65.5

129.9

129.9

195.5

259.1

259.1

259.1

259.1

309.5

361.6

413.0

464.4

518.1

Face gear torque

in..lb Percent of

maximum

580 25

1150 50

580 25

1150 50

1150 50

1730 75

2293 100

2293 100

2293 100

2293 100

2740 120

3200 140

3655 160

4110 180

4586 200

6



Run

TABLE IV.--TEST OPERATING CONDITIONS BUILD 2

Time

hr

0.17

.20

.17

.17

27.2

10.5

Million

pinion cycles

1 0.2

(break-in)

2 31.2

3 12.0

(overload]

Face gear speed

rpm Percent of

maximum

1000 20

1000 20

1760 35

1760 35

5000 I00

5000 ] 100

N.m

65.5

115.2

65.5

128.2

258.7

518.6

Face gear torque

in..lb Percent of

maximum

580 25

1020 45

580 25

1135 50

2290 100

4590 200

TABLE V.--SOUND PRESSURE LEVEL (SPL) MEASUREMENT
PEAK

[Facility lubricant pumps running.]

Pinion speed L Pinion torque b Test side SPL, Slave side SPL,

dB dB

0

50

100

0

50

100

120

140

160

180

20O

88

96

113

113

114

113

114

113

88

96

114

I

=Values are in percent of 19 110 rpm.

bValues are in percent of 67.8 N*m (600 in.*lb).

Pitch

cone

apex---_ . . ]

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::Gear ?_N_!iSi_ii_ii_i::::iilg::::iiigiii::::!::::_i::::i_

14 Pitch diameter- "1

_ Outside diameter _-
!

width

itch

diameter "-7

j... t-- Gear axis

Figure 1 .--Face gear terminology.



ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPh

G

Figure2.--Face gears tested Inthe NASA Lewisspiralbevel gear rig.
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(a) Spiral bevel gear configuration of facility.

Drive motor
v-belt drive Axial

pu,,o,___._,_, ,_s,

T°rquemeter 7 I :_n_0_

I_ . _'__,_,_

?_/ coupling

........
L Fac gear Face gear

test section slave section

(b) Facility layout In face gear configuration.

Figure 3.--Facility for face gear tests.

_- Test v- Slave
\ section side \ section side

\

Iii

/ .
I

L_Accelerometer

f
f

_¢-Lexan

_- S.P.L
measurement
locations

Figure 4.--Accelerometer locations and sound pressure level
measurement locaUons (top view).

\\
\

Accelerometer --_
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BLACK AND WHITE PHOTOGRAPI't

Figure 5.--Photograph showing contact pattern using red lead.

m

Figure 6.--Test side face gear after 30 milion pinion cycles at

1O0 percent torque.

Figure 7.--Test side spur pinion after 30 milion cycles at 1 O0

percent torque.

Figure 8.--Slave side face gear after 30 milion pinion cycles at

100 percent torque.
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BLACK AND WHlTE PHOTOGRAPH

o

c-91-1044ii

Figure 9.--Slave side spur pinion after 30 milion cycles at 1O0

percent torque.

C-91-09892

Figure lO.--Test side face gear after 30 milion pinion cycles at

1 O0 percent torque.

C-91-09894

Figure 11 .--Test side spur pinion after 30 milion cycles at 200

percent torque.

C-91-09891

Figure 12.--Slave side face gear after 30 milion pinion cycles at

200 percent torque.

C-91-09893

Figure 13.--Slave side spur pinion after 30 milion cycles at 200

percent torque.
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C-91-10687

Figure 14.--Broken slave side face gear tooth after 8 milion

cycles at 200 percent torque.
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